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Expression of ontogeny in individual nephron segments
MICHAEL HORSTER
Physiologisches Institut der Universität München, München, Federal Republic of Germany
Against any factors threatening the homeostasis of the body
fluids, "the infant has but a narrow margin of renal functional
defense" (H, W. Smith). While this fundamental assumption
has been proven by clinical and experimental work, the kidney
during ontogeny is no longer considered an immature system
with poor efficiency and imbalanced nephrons. Rather, the
transient developmental functions represent the process of
differentiation of specific cell functions. In the nephron, func-
tional differentiation also depends on epigenetic factors such as
metabolic, hormonal, and dietary stimuli. The 'plasticity' of the
embryonic and perinatal kidney, first perceived by Gersh [11
and Grobstein [2], renders the differentiating nephron segments
a unique system for the study of the interdependence of
physical, metabolic, and structural factors in transporting epi-
thelia [31.
This study considers the in vitro work on individual perfused
and nonperfused nephron segments during ontogeny. The use
of individual segments (Fig. 1) has served to uncover properties
of differentiating nephron epithelia, since the 'ontogenetic het-
erogeneity' limits studies by nonspecific techniques such as
clearance, tissue slices, or suspensions of undefined tubule
fragments. The process determining this heterogeneity is the
centrifugal mode of development (Fig. 2) [4].
The proximal convoluted tubule
Volume homeostasis during renal adaptation to perinatal
changes is maintained while particular functions of the proximal
convoluted tubule (PCT) differentiate into their final mature
form. These transient processes have been studied in the
individual, isolated PCT with regard to passive permeability
properties, cellular ultrastructure, and activities of key
enzymes.
The incxeasing need for conservation of the bulk of ultrafil-
trate, imposed upon the PCT by large changes in single nephron
filtration rate [5—71, is expressed in the large physiologically
occurring change in net transepithelial volume flux [5] per unit
of tubule length. In vitro data [8] confirmed these previous in
vivo observations and indicated that transient functions of the
differentiating epithelium in vivo are represented correctly in
vitro.
Further analysis of the in vitro perfused PCT has demonstrat-
ed that the hydraulic conductivity (Lv) of the epithelium,
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measured in the presence of different external gradients, is a
transitory function.
To measure L in the PCT, a special pipette arrangement was
used [81. At the collection end, the sampling pipette was made
to fit the shoulder of the tubule-holding pipette. The inside of
this pipette was coated with a highly viscous layer of silicone
(Sylgard 184) to provide complete occlusion of the collection
end while the sampling pipette was advanced. This latter pipette
was connected to an external pressure compensating system
which allowed for the quantitative collection of perfusate at
controlled lumenal hydrostatic pressure. Hydrostatic pressures
were set to values from 0 to 20 cm H20 by varying the height of
a reservoir containing the perfusion fluid (ultrafiltrate). Epithe-
hal segments from mid and late portions of the PCT were
studied at postnatal stages of day 2 to 6 ("early" or e-PCT), day
10 to 14 ("intermediate" or i-PCT) and at 30 to 38 days
("mature" or m-PCT). Methods and materials for dissection
and perfusion in vitro were similar to those reported previously
[9, 10]. The hydrostatic hydraulic conductivity (Lu) of the PCT(N = 46) changes in an apparently nonlinear mode with
differentiation (Fig. 3). Values (ml cm2 min cm H20' l0-)
were 0.037 (SD 0.0048) in e-PCT, 0.0134 (0.026) in i-PCT, and
0.0052 (0.002) in m-PCT, indicating that most of the total
reduction in L. occurred during the early period of
differentiation.
The importance of L during differentiation was studied by
measuring net volume flux (J) during variations of the trans-
mural protein-osmotic pressure at controlled low (5 cm H20)
transmural hydrostatic pressure [81. The bath contained rabbit
serum made hyperoncotic by ultrafiltration to a total protein
concentration of 12.7 g/dl. Control protein concentration (ison-
cotic) was 6.5 g/dl of bath fluid. The mean change from control
J (0.31 0.08 nl min mm) to hyperoncotic i,. (0.52 0.08)
was 67.5% in the early differentiating PCT (N = 14). The same
maneuver increased J,,, in the final form of epithelial function
(m-PCT) from an isoncotic control i of 1.08 0.15 to 1.32
0.18 when the bath was hyperoncotic, that is, there was a
significant (P < 0.05) change of only 25.5% in the m-PCT (N =
11) in response to the same protein-osmotic gradient (Fig. 4).
Both sets of data indicate that the hydraulic conductivity of
the PCT is in fact a modulator of net volume flow during
differentiation. The driving force for capillary absorption, pro-
tein-osmotic pressure in the postglomerular circulation, in-
creases in the canine kidney [3] by a factor of more than two
(2.2 to 5.05 Pa 10) as a result of changes in arterial protein
concentration and filtration fraction [5, 111.
Small changes, therefore, of the transmural protein-osmotic
gradient modulate a larger fraction of the volume flux during
early differentiation.
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Fig. 1. Light micrographs qf epithelial
segments studied by in vitro perjision during
functional differentiation. A Proximal
convoluted tubule. B Thick ascending loop of
Hen/c. C Collecting tubule.
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Indeed, the early epithelium (e-PCT) provides an impressive
pathway for volume and solute leak flux. This structural-
functional property was revealed by perfusing defined protein
species at controlled transmural hydrostatic pressures [81.
Subsequent to in vitro perfusion, the tubules were fixed in situ,
recovered from the pipettes, and the proteins were precipitated
and localized as electron-dense reaction products within the
epithelium.
Three observations suggest that the change in hydraulic
conductivity coefficient (Lv) in fact may be related to structural
alterations of the paracellular pathway: (1) Only the smallest of
the tracers, microperoxidase (1800 daltons), crossed the inter-
cellular five-layered membrane complexes, located along the
intercellular space and accumulated in areas of the basement
membrane where the intercellular path had diffusional exchange
with basal cellular spaces (Fig. 15 in [81). (2) This particular
localization of the microperoxidase was seen only in early
differentiation (e-PCT) and at elevated transmural hydrostatic
pressure (20 cm H20). (3) Tracers of higher molecular weight
(ferritin, horseradish peroxidase) did not enter the intercellular
path at any developmental phase (e-PCT to m-PCT) and applied
transmural pressure (5 to 20 cm H2O).
This series of experiments (N = 33) justifies the conclusion
that a paracellular solute and solvent shunt is available during
early differentiation of the PCT and provides the structural
basis for the significant modulation of i observed during
hydrostatic and protein-osmotic transmural gradients.
Other morphologic characteristics during differentiation of
the PCT (Fig. 5) are difficult to relate directly to absorptive
functions. The principal developmental change is an increasing
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Fig. 2. Microarchitecture of the nephron in the differentiating (left) and
final (right) state of ontogeny. Individual segments studied during this
process by in vitro perfusion are indicated by shading. The figure was
adapted from [4, 281.
complexity, that is, total surface area, of the basal cell mem-
brane [12]. The morphometry of e-PCT and m-PCT (N = 8)
revealed a significant increase of the surface density of basolat-
eral membranes from 1.53 0.16 to 2.38 0.30 (1Lm2/m3 of
cell volume), and of the absolute area of the cell basolateral
membranes per millimeter of tubule length. Further, the relative
volume of mitochondria (in percent of cell volume) changes
significantly from 12.5 to 17.0.
This first quantitation was performed on PCT with previously
measured L [12]. While net volume flow changed by a factor of
4.1, basolateral membrane area increased by a factor of 2.6.
Since diffusional water flow across this plasma membrane is not
a limiting factor during ontogeny [13], hydraulic conductivity
(Lv) and ion transport properties of the epithelium are rate-
limiting for iv. The direct relationship of 1,. and L during PCT
differentiation has been discussed.
Although 'active' and passive ion transport in the differentiat-
ing PCT have not been measured systematically, the activity of
the basolateral sodium transporter system may provide a quali-
tative estimate of the potential for 'active' flux, This assump-
tion is supported by the fact that about 50% of the total PCT
sodium flux is energized by the enzyme, and changes of the
enzyme activity in "tight" epithelia of the TAL parallel those of
sodium transport [14, 15]. In the differentiating PCT, NatKt
ATPase activity increases by a factor of about two, from 21.7
4 (pmoles mm min') in e-PCT to 38 9 in m-PCT [14]. This
change closely resembles that of the basolateral membrane
area, but it is only 50% of the increase in net sodium transport.
Thus, only about 50% of the total change in iNa* and J can be
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Fig. 3. Hydraulic conductivity, measured by the hydrostatic method, of
the dijfrrentiating proximal convoluted tubule [8].
related to the changing cell membrane area where the sodium
transporter enzyme appears to have a fixed number of sites per
unit of area throughout differentiation.
The heterogeneity of intrinsic properties was studied by
comparing the relative permeabilities (P) for sodium and chlo-
ride in e-PCT [16] and the Na-K-ATPase activities in e-PCT
and m-PCT from the superficial (S) and juxtamedullary (iM)
cortex [17]. The ratio of P Na toP Cl was 0.55 in S-PCT and
1.37 in JM-PCT. Since the S-PCT value resembles that for the
ions at free solution boundaries, whereas the value for JM-PCT
is close to that in final PCT, it could be concluded that the
epithelial discrimination between sodium and chloride is a
developmental process. The activity ratio of the Na-K-
ATPase between S-PCT and iM-PCT was higher in e-PCT than
in m-PCT indicating, as for the ion permeabilities, that the
juxtamedullary nephron expresses a more differentiated func-
tion at any developmental stage. The same maturational princi-
ple has been demonstrated, in several species, for the ratio of
GFRs in S and JM nephrons ([13] for review).
The distribution profile of NatKATPase along the differ-
entiating nephron closely resembles that in the mature epitheli-
urn (Fig. 2 in [14]). Although recent studies [18, 19] confirm this
pattern, a comparison of absolute values nevertheless indicates
that enzyme activities, particularly in the PCT, are higher if an
improved technique is applied [19]. Since this procedure has
similar effects on e-PCT and m-PCT, activity ratios between the
segments are correct. Figure 6 indicates that the highest activity
changes during postnatal differentiation were observed in the
ascending loop of Henle (TAL). The increase by a factor of two
in the PCT suggests that much of the enzyme activity is already
present at this stage (e-PCT), in contrast to epithelia involved in
osmotic concentration and dilution of tubular fluid which differ-
entiate during later stages.
Stimulation of the enzyme activity within the individual
segment, after physiological treatment of the animals or of the
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Fig. 4. Fluid absorption in early and late ontogeny in the presence of
normal or elevated transepithelial protein-osmotic gradients [8].
epithelial segments in vitro, has been demonstrated unequivo-
cally in the collecting tubule only [19, 20]. Nevertheless,
application of pharmacologic amounts of aldosterone to the
developing animal has been shown to increase total enzyme
activity in cortical homogenates [21] compared to normal
development [141. This "induction" of enzyme activity is
currently being studied in the individual segment (Horster and
Schmolke, unpublished observations).
The proximal straight tubule
The principal site of organic acid elimination, the proximal
straight tubule, transports para-arninohippuric acid (PAH) ac-
tively across the basolateral cell membrane and secretes the
anions down its concentration gradient into the lumen [22],
provided that intracellular binding is negligible. Organic acid
elimination in PST occurs at a rate three times that in the PCT.
The transport system, as described by cellular PAH accumula-
tion [231 or by its Tm capacity [241, develops with postnatal
ontogeny.
The mode of differentiation of PAH transport has been
examined in the isolated perfused PST, using nonstimulated and
substrate-stimulated segments during the intermediate stage of
nephron ontogeny [25]. The net transport rate (M/min . mm) of
PAH into the PST (N = 16) lumen, at a bath concentration of
2 i0 M, increased by a factor of almost 5 between days 8 and
18 (i-PST). In addition, organic acid transport (N = 8) at the
same stage (days 9 to 13), in PST from animals treated with
penicillin for 2 to 3 days prior to the experiment, was compared
to nonstimulated transport rate. This "intrinsic" transport
capacity changed in response to substrate stimulation by almost
an order of magnitude (89%), from 361 84 to 684 88 (M
min mm 10—15).
These observations confirmed and extended earlier work on
renal slices [231 by demonstrating conclusively that the intrinsic
transport capacity per unit of epithelial length, that is, per cell,
can be substrate stimulated. However, it remains to be ex-
plained whether this induction acts upon the number or affinity
of the transport sites. The number of sites, similar to NA-K-
ATPase sites in the PCT [17], could be determined solely by a
change in basolateral membrane area or result from an increase
in sites per unit of area.
The thick ascending loop of Henle
Karl Peter [4], considering the differences by light-microsco-
py of descending and ascending loop segments, postulated in
1927 that the "technique of isolating segments in combination
with an experiment should yield good results for renal physiolo-
gy." The technique of perfusion of the isolated segment [9] and
its experimental application to the thick ascending loop [26—281
has revealed the mode of osmotic dilution of tubular fluid. The
diluting capacity is expressed with cell differentiation of the
TAL; this process will be described and considered in relation
to the increasing capacity of the maturing kidney for osmotic
concentration.
Direct evidence that the capacity for osmotic dilution of
tubular fluid is a maturational process came from micropunc-
ture studies in vivo [71. The osmolarity (mOsm l') of tubular
fluid from early distal sites (initial 8.8 2.0% of distal tubule
length, N = 21) decreased with increasing renal weight, single
nephron filtration rate (SNGFR), and ioop of Henle volume
absorption, from 285 19 to 181 18 mOsm l between the
weeks 2 and 4 of rat ontogeny. The validity of these data was
ascertained by calculating the SNGFR from data of the same
samples and comparing it to the SNGFR measured in late
proximal segments of the same nephrons. Filtration rates at
these two sites in rats on a high salt diet were identical
throughout ontogeny.
While these results demonstrated changes of total osmotic
work across the entire ioop of Henle, single segmental parame-
ters were examined in the isolated perfused thick ascending
epithelial segment [28]. Thick ascending ioop segments were
dissected from the outer cortex below the nephrogenic zone
from days 2 to 10 (e-CAL; N = 31) or from days 25 to 30 (m-
CAL; N = 23). Dissection of both ascending loop and collecting
tubule segments in the differentiating stage is easier than in the
mature stage. The capacity to dilute an isosmotic perfusate (298
mOsm l'; ultrafiltrate) differed significantly between e-CAL
and m-CAL. While e-CAL epithelia reduced the osmotic activi-
ty of the perfusate only by 26 mOsm 1', rn-CAL were able to
lower the osmolarity to 185 21, confirming the phenomenon
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previously described in the entire loop in vivo [71. The hydrau-
lic permeability of the CAL, however, was identical in early and
final stages of differentiation. The perfusate in this series (N =
11) was an artificial isosmotic buffer and the transepithelial
osmotic gradient was 153 mOsm 1_I. Net fluid movement in e-
CAL and rn-CAL could not be detected. The hydraulic perme-
ability coefficient (cm3 cm2 min atm 10—u) was 4.78 1.15
in e-CAL and 5.19 1.21 in rn-CAL.
Given this constant and low hydraulic conductivity coeffi-
cient during differentiation of the thick ascending loop of Henle,
changes in lurninal osmolarity must result from solute transport
properties. These were quantitated by measuring rate changes
as well as concentration gradients across the epithelium.
Transepithelial sodium flux, calculated from the perfused and
collected amount of sodium at low perfusion rates, was 2.13
Fig. 5. Electron micrographs of basal cell
areas of the proximal convoluted tubule in the
differentiating (A) andfinal (B) state qf
ontogeny [121. Abbreviations: BM, basement
membrane; M, mitochondrion.
0.37 (moles crn' sec1 10—12) in early differentiation and 11.6
1.3 in the mature state of CAL function. Sodium concentra-
tion was lowered from 148 (mmoles 1!) to 129 3.9 in the
early state (e-CAL) whereas the effluent sodium concentration
in the final state (rn-CAL) was 81 6.6. Similarly, the change of
the chloride concentration (mmoles 1_I) during perfusion was
13.4 6.1 in e-CAL and 58.7 9.4 in rn-CAL. The concentra-
tion ratio of perfused to collected volume marker ('4C-inulin)
was not different from unity in both functional states, confirm-
ing the low and constant hydraulic conductivity coefficient, that
is, zero net transepithelial water flow.
The steady-state sodium concentration gradient was first
approached by reducing the flow-rate of an isonatric perfusate
(148 mmoles 1 I) to zero. The maximal decrease in c-CAL was
about 43 (mmoles 1) and some 78 in the rn-CAL.
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The limiting chemical gradient was measured by setting the
perfusate sodium to 95 3.4 mmoles 1', while the bath
sodium was 142. The mean sodium concentration in the effluent
of e-CAL was 97 2.7, whereas that of e-CAL was 67 5.1.
These data demonstrate that the steady-state sodium gradient
(N = 11) in early postnatal differentiation is about 45 mmoles 1
and it increases to some 75 with ontogeny. At very low
perfusion rates (<1 nI min'), this latter value was more than 85
mmoles 1 (Fig. 7).
These studies establish that both the characteristic low
hydraulic conductivity coefficient and a considerable transepi-
thelial chemical sodium gradient are expressed early in ontoge-
ny. Nevertheless, the effective capacity for osmotic dilution
precedes that for osmotic concentration of the tubule fluid since
the latter process depends on other factors as well.
The increasing osmotic work of the thick ascending loop is
made available only gradually for solute and water flux in the
medullary countercurrent system. The cytoarchitecture of the
medulla is organized into its final form mainly through the
process of "descent" or "entry" of loops from superficial-type
nephron generations [4]. This long-established growth process
has been measured in the rat kidney [29] indicating that the rate
of loop penetration into the outer medulla is particularly high
during the early phase (e-CAL). Thus, not only is the single
diluting step transferred from cortex to medulla, but moreover,
the sodium transport-dependent mechanism of medullary urea
movement is increased greatly by an increasing medullary
epithelial diffusion area and by enhanced urea delivery to inner
medullary segments.
In a first attempt to interrelate these medullary processes,
measurements of changing epithelial functions and medullary
structure were expressed as coupled differential equations,
incorporated into a central core model and solved in a homo-
topy study (Lory, Gilg, and Horster, to be published). In the
final, mature stage of ontogeny (m-), non-urea ('salt') concen-
tration increased in the outer medulla from 150 to 610 mmoles
1_I and to 930 at the papillary tip. Urea increased little in the
outer medulla to about 160 mmoles 1_I and rose constantly to
500 mmoles _i along the inner medulla. Gradual changes of the
cytoarchitecture (length and distribution of loop of Henle;
convergence of collecting tubule segments) and of solute and
solvent flux were introduced into the model. The results of this
study [301 demonstrated that measured interstitial solute con-
[Na] lNa]
Bath: 142 3 mEq /iter1
Fig. 7. Steady-state sodium concentration gradient in the differentiating
(•) and final (0) state of ontogeny of the cortical thick ascending loop
of Henle [28]. Abbreviations: perfusate (Nan): 95 mmoles 1_I; bath: 142
mmoles l; Nat: sodium concentration in collected fluid. Vertical bars
represent the SD of mean value.
centrations during ontogeny [51 can be reproduced correctly.
The homotopy method is currently being applied to an extended
model incorporating ontogenetic changes of blood flow
distribution.
The collecting tubule
The increasing capacity to concentrate the final urine during
ontogeny has been ascribed to primary changes in the loop of
Henle function [28] and in medullary cytoarchitecture [4],
resulting in an increase of interstitial osmotic driving forces [5].
Characteristics of the collecting tubule during ontogeny have
not been considered pertinent. It was assumed, on the basis of
clearance and tissue slice studies in the dog [5] and from
perfusion of a single fetal collecting tubule in humans [31], that
osmotic equilibrium between medullary interstitium and col-
lecting tubule prevailed from the onset of osmotic work [31.
The first direct and systematic study of this epithelium during
its differentiation indicated, however, that both the resting and
the AVP-stimulated state of hydraulic conductivity are ontoge-
netic transients [32].
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Fig. 6. Onlogenetic changes of Na-K-activated ATPase, measured
in individual nonperfused nephron segments in the early and final state
of differentiation. The figure was adapted from [14].
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The outer medullary collecting tubule (OMCT) was studied in
three states of epithelial transport differentiation: (1) OMCT
during early postnatal ontogeny (e-OMCT), days 1 to 4; (2)
intermediate state of function (i-OMCT), days 10 to 15, as
defined previously in the PCT [81; (3) final, mature state (m-
OMCT), days 30 to 35.
Osmotic volume flow, lumen to bath, along a sodium chloride
gradient (113 mOsm 1') decreased from e- to m-OMCT with
epithelial differentiation. The basal, AVP-independent hydrau-
lic conductivity coefficient (Lv) was 85 34 (cm sec' atm'
l0-) in e-OMCT, 36 6 in i-OMCT, and 10 7 in m-OMCT.
This basal L was not different when osmotic flow in each of
these functional states was driven from the isosmotic lumen by
a raffinose gradient (100 mOsm kg H2O).
Arginine-vasopressin (25 to 500 tU/ml) in the bath had no
significant effect upon L in e-OMCT (105 27), whereas
changes in 250 36 and 327 63 were measured in i- and in m-
OMCT, respectively.
These data clearly indicate that the epithelial cell of the
collecting tubule is nonresponsive to antidiuretic hormone in
the early state of differentiation (e-OMCT); the AVP-indepen-
dent hydraulic coefficient is set to a high value. Further, while
an AVP-activated L is present in i-OMCT, its amplitude of
response is significantly lower than in m-OMCT (Fig. 8).
Basal L in early differentiation is higher by a factor of about
8 when compared with the final state. The gradual decrease of
L might be a correlate to ultrastructural changes in the
collecting tubule [331 suggesting that the assembly of cell
junctions is completed with functional differentiation. Hence, a
decreasing transjunctional osmotic flux may be the major
determinant of the decreases in basal L.
A quantitative comparison of the changes in basal as opposed
to activated L suggests that these processes differentiate
independently. While those of basal L, as pointed out, might
be an expression of lateral membrane assembly, the determin-
ing factors in regard to activated L must be sought within the
mechanism of ADH stimulation of L.
Basal adenylate cyclase activity in dissected cortico-medul-
lary collecting tubules (CMCT) was similar in "young" (10 to 12
days) and mature epithelia, referenced to tubule length; it was
even twice as high in the earlier functional state on the basis of
cellular protein content [34]. The response of the enzyme to
stimulation by antidiuretic hormone (pitressin), however, was
only 3.2-fold in the early state and there was an Il-fold increase
of adenylate cyclase activity in the m-CMCT. The "hyposensi-
tivity" to the hormone in activating adenylate cyclase, there-
fore, is unrelated to the amount or availability of adenylate
cyclase. The limiting process, rather, might be the availability
of hormone receptors at the basolateral membrane. This possi-
bility was raised through studies on the vasopressin binding in
medullary tissue homogenates: The binding capacity and the
stimulated adenylate cyclase activity showed an almost identi-
cal pattern of evolution where, however, the appearance of
binding sites always preceded the enzyme activation [351.
In summary, studies on individual perfused and nonperfused
collecting tubules have demonstrated that these epithelia differ-
entiate in regard to their basal, AVP-independent hydraulic
conductivity coefficient; moreover, the antidiuretic hormone
during early epithelial ontogeny does not elicit the physiological
response of L and of adenylate cyclase activity. Apparently,
the activation of both requires the presence or availability of
hormone binding sites to induce the receptor-enzyme coupling
mechanism.
The interpretation of changes in transtubular voltage (PD)
during OMCT differentiation [321 is limited since determinants
of the transepithelial PD were not measured. The transtubular
PD (mV), measured in OMCT during naturally occurring
changes of their internal (hormonal) and external (dietary)
environment, was lumen-positive (1.71 0.3) in e-OMCT and
increasingly lumen-negative in i-OMCT (2.43 0.3) and m-
OMCT (6.1 0.4) [32]. The voltage was sensitive to ouabain
(l0— M) in each functional state. Antidiuretic hormone affected
the PD in m-OMCT only, where it increased significantly to
—9.2 0.6. These data, notwithstanding their deficiencies, may
be interpreted to mean that bidirectional rates of ion transport
change with differentiation and are not responsive to arginine-
vasopressin before completion of this process. It remains to be
shown, in quantitative terms, how the hormone-independent
and hormone-responsive ion transport properties of this epithe-
hum are expressed.
Cell cultures from individual nephron segments
Two major factors limit the study of ontogenetic processes in
renal epithelia. The complexity of epithelial functions within the
nephron requires analytical techniques at the level of the
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Fig. 8. Hydraulic osmotic conductivity coefficient (L1,) qf the outer
medullary collecting tubule, measured in the presence or absence of
arginine-vasopressin at 25°C in three stages of ontogenelic differentia-
tion. Data in the figure was taken from [32].
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individual segment at any state of its differentiation. While
some of these transient states have been defined by means of
the in vitro perfusion technique, their dependence upon epige-
netic factors for induction or modulation of transport requires
long-term observations. Although it has been demonstrated that
functional states of the in vivo nephron are maintained in
subsequent in vitro studies, in vitro culture preparations of the
epithelia could assist in defining long-term effects of selective
factors on nephron cell differentiation.
Permanent cell lines have been established from whole kid-
ney cell suspensions (for example [36, 37]), and these have been
shown to retain epithelial characteristics (for review [38, 39])
which, however, do not represent unequivocal segmental prop-
erties due to the heterogeneous starting material.
In a novel approach, therefore, individually dissected seg-
ments of defined origin were explanted into in vitro cultures at
different states of their in vivo differentiation [40, 41].
Nephron anlagen, that is, the induced S-shape body of
metanephric cells, were transferred into semisolid substrata.
This tissue differentiated into proximal convoluted and straight
tubules when serum (3 to 30%) was present in the medium [41].
However, serum could not be substituted by jiormones. The
proliferating proximal cells organized into tubules with closed
or patent lumina [42]. While demonstrating selective and long-
term maintenance of proximal tubular epithelia in vitro, this
study failed to completely define the substances obligatory for
in vitro growth and differentiation.
In epithelia of 'distal' nephron origin, by contrast, these
environmental factors could be demonstrated, when added
alone or in combination to serum-free media, to stimulate
selectively or inhibit cell proliferation and differentiation [43—
45]. Cortical collecting tubules or thick ascending loop seg-
ments (rabbit, 2 to 30 days) were explanted individually and
fibroblast-free on collagen-coated, gas permeable membranes
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Fig. 9. A Light micrograph of cell monolayer cultivated in vitro from an explanted cortical collecting tubule during in %'ivo ontogeny [41]. Bar
represents 10 jim. B Stimulation or inhibition of proliferation (number of CCT cells by microplanimetry) in the presence of selected hormones or
growth-promoting factors in defined, serum-free medium. The figure was adapted from [43].
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[40]. A coat of plasma on the collagen served as an attachment
factor. Initial migration and subsequent anchorage-dependent
proliferation of these epithelia in monolayer (Fig. 9A) were
studied by microscopic, cytochemical and isotope labelling
techniques [44, 45]. Microplanimetry was used to measure cell
numbers during outgrowth (initial 20 hr) and proliferation up to
53 days after several transfers. The lag period between in vitro
implantation and cell proliferation was 16 to 24 hr. Outgrowth
and proliferation were observed to occur in vitro at all stages of
in vivo differentiation. Doubling time and total cell number
were dependent upon hormones in the medium.
Dexamethasone, in the presence of insulin and thyroxine,
influenced these parameters in monolayer cultures derived from
collecting tubule and ascending loop of cortical and medullary
origin [43]. These initial observations on cell numbers per area
in response to hormonal supplements of serum-free media (Fig.
9B) were extended by autoradiographic studies on thymidine
(3H) incorporation (labelling index) into primary and secondary
in vitro cultures of these defined epithelia [45, 46]. Cells also
were characterized cytochemically by vasopressin-stimulated
adenyl cyclase and by the localization of Na/K-ATPase [45].
Studies on growth kinetics revealed that the 3H-thymidine
labelling index decreased with time in primary cultures, inde-
pendent of the presence or absence of serum, to reach a
relatively constant level of incorporation at day 7. The previ-
ously applied growth factors [43] dexamethasone, thyroxine,
insulin, prolactin, and the epidermal growth factor (EGF)
stimulated the incorporation of 3H-thymidine differently ac-
cording to the segmental origin. Cell cultures of the cortical
collecting tubules were maximally responsive to dexametha-
sone, while a combination of the glucocorticoid with thyroxine,
insulin, and prolactin stimulated thymidine incorporation par-
ticularly in loop cell cultures [44]. By contrast, factors involved
in the regulation of tubular ion and water transport when added
to serum-free, fully supplemented media, were inhibitory for
thymidine incorporation. Cultures of collecting tubule cells
were influenced particularly by aldosterone, while vasopressin
and isoproterenol were effective inhibitors of thymidine incor-
poration in both types of cells.
The work on defined epithelia cultivated in vitro from individ-
ual nephron segments has demonstrated that processes and
factors of differentiation and proliferation can be described for
specific cell populations by means of in vitro cultures. This cell
preparation has also been shown to retain specific transport
functions of the in vivo segment [47]. Therefore, the differentia-
tion of segmental nephron transport can now be studied in long-
term in vitro cultures.
Concluding remarks. The natural pattern of functional ontog-
eny was outlined for major epithelial segments of the mammali-
an nephron. Long-term studies have been initiated [45] to reveal
how these functional transients are modulated by epigenetic
factors; the expression of transport functions in response to
defined extracellular determinants remains to be demonstrated
for differentiating nephron epithelia.
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